The conformational and electronic properties of 2-cyano-3-(thiophen-2-yl)acrylic acid (TCA) in analogues used as sensitizers in dye-sensitized solar cells was examined using density functional theory (DFT) and natural bond orbital analysis methods. A relaxed potential energy surface scan was performed on NKX-2677 by rotating the C-C bond between the thiophene and cyanoacrylic acid which yielded activation energy barriers of about 13 kcal/mol for both E and Z configurations. The most stable conformation of all the analogues was E-180 except for NKX-2587 which has an electrostatic repulsion between the oxygen of the coumarin and the nitrogen of the cyanoacrylic acid. The increase in the electron delocalization between the thiophene and cyanoacrylic acid influences the stability for most of the analogues. But for NKX-2600, even though there was a greater deviation from the planarity of TCA, the stability was mainly due to the presence of a weak hydrogen bond between the hydrogen of the methyl group of the amine located in the donor moiety and the nitrogen of the cyanoacrylic acid. The vertical excitation energies of the analogues containing TCA were calculated by time-dependent DFT method. There were slight differences in its vertical excitation energies but the oscillator strengths vary significantly especially in the case of NKX-2600.
Introduction
Thiophene and its oligomers are among the most frequently used π-spacer in organic dyes having a donor-(π-conjugated bridge)-acceptor (D-π-A) system in dye-sensitized solar cells (DSSCs) due to its high structural stability, ease of structural modification and controllable electrochemical behavior. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The high structural stability exhibited by thiophenes is due to their rigid structures that limit photoisomerization processes commonly observed in polyenes and polyynes. Furthermore, thiophene has a lower aromatic delocalization energy with a high nonlinear optical property than benzene since it has a greater tendency to be co-planar with the other thiophene groups. 13 The lowering of aromatic delocalization energy increases the mixing of the ground state and charge-transfer state leading to increased polarizability and hyperpolarizability.
14 Thiophene can also be easily modified to enhance stability and photochemical properties such as incorporating an arylamine donor giving a more delocalized positive charge that could retard back electron transfer to the oxidized dye 4 or attaching bulky alkyl substituents to increase hydrophobicity of the dye. These structural changes can improve the packing of the dye on the surface and act as a barrier preventing hydrophilic I 3 -ions from approaching TiO 2 , thereby retarding electron leakage to the redox electrolyte. 11, 12 It was shown from previous experiments 15, 16 that the electronic coupling between the dye and TiO2 surface through the binding or acceptor group has an important role in the efficiency of light harvesting. The most viable candidate that can efficiently act as a linker moiety is cyanoacrylic acid, since carboxylic acid binds strongly to the TiO2 surface through a bidentate bridging mode which is not easily removed by rinsing and the presence of the cyano group enhances the electron-withdrawing nature of linker moiety which can shift the oxidation potentials positively but does not take part in the adsorption process. 15, 17 There is a significant interest in the design and optimization of the sensitizers containing 2-cyano-3-(thiophen-2-yl)acrylic acid (TCA) for use in DSSCs, however a detailed understanding of the structure-property relationships for such system is still lacking. With the use of theoretical calculations -which is an indispensable tool in rationalizing the experimentally observed photochemical properties and designing sensitizers to be used in DSSCs -structure-property relationships can be studied through detailed description of orbitals, including spatial characteristics, nodal patterns, and individual atom contributions. Thus, the knowledge of the conformer of the lowest energy is important because electronic properties depend on detailed molecular structure.
In view of the conflicting conformation of TCA presented in various papers, [2] [3] [4] [5] [6] [7] [8] [9] [10] we carried out a conformational study of analogues containing TCA [1] [2] [3] (Fig. 1 ) to determine the lowest energy conformation of TCA and its effect on its electronic properties using density functional theory and natural bond orbital (NBO) analysis methods. NBO analysis was carried out to understand the orbital interaction that determines the conformational preference of TCA in analogues used as sensitizers for DSSCs.
Computational Method
All calculations were performed with the Gaussian 03 (G03) package 18 employing density functional theory with the hybrid B3LYP 19 ,20 functional at 6-31G(d) basis set. A relaxed potential energy surface (PES) scan for dihedral angle, θ (C3-C4-C6-C7) (Fig. 2) conformers of NKX-2677, NKX-2587, NKX-2600, and L1 from the PES scan were calculated in vacuo without any symmetry constraints at the same level of theory. They are named according to the researchers who synthesized the dyes. [1] [2] [3] Frequency calculations with no scaling were performed to ensure that all optimized molecular structures were minima and to determine the zero-point energy corrections. Natural bond orbital analysis was performed with NBO version 3.1 21 incorporated in the G03 package using the ground state geometries. NBO analysis provides a quantitative description of interactions that dictate the conformational features of the analogues. Time-dependent density functional theory at TD-B3LYP/6-31G(d) using the ground state geometries was used to calculate vertical excitation energies of the analogues. QMForge 22 was used to calculate molecular orbital contribution from groups of atoms.
Results and Discussion
The ground state potential energy surface scan of the E and Z configuration of 2-cyano-3-(thiophen-2-yl)acrylic acid of NKX-2677 was calculated using B3LYP/6-31G(d) as a function of the dihedral angle, θ (C3-C4-C6-C7), by rotating C4-C6 bond between the thiophene and cyanoacrylic acid (Fig. 2) . Rotations around the C4-C6 bond yielded energy barriers of about 13 kcal/mol for both configurations (Fig. 3a) . The rotation resulted in the reduction of the overlap between the pz orbitals on these carbons. This in turn weakens the C4-C6 π-bond character ( Fig. 3b) , thus decreasing molecular stability.
The geometries of the stable conformers of NKX-2677, based on the PES scan, were E-0, E-180, Z-0, and Z-180; where E-180 was the most stable conformation which also has the shortest C4-C6 bond length indicating a more efficient electron delocalization between thiophene and cyanoacrylic acid moieties. The E configurational conformers were found to be more energetically stable by 3∼4 kcal/mol than the Z configuration. The differences in energies can be related with the C4-C6 bond length, where the E conformers were shorter by 0.1∼0.2 pm than the Z conformers. These suggest, as pointed out previously, that the shortening of C4-C6 bond length indicates a more efficient π-conjugation between the thiophene and cyanoacrylic acid.
The differences between the conformers with the same configuration were mainly dependent on steric hindrance effects. As shown in Fig. 4 , a decrease in atomic distance between adjacent atoms in space resulted in an increase in energy. The difference between E-0 and Z-180 conformers, where the latter has a larger atomic distance but with a higher energy, could be the result of an electrostatic repulsion between sulfur and oxygen atoms. The S····O distance of the Z-180 conformer was smaller by 60 pm than the sum of the van der Waals radii of sulfur and oxygen atoms (332 pm). Based on a previous study involving intramolecular sulfur-oxygen interactions, the higher level of theory (MP2/6-31 + G(d, p)) supports a substantial electrostatic repulsion between these atoms. 23 Based on the results of the PES scan, the E conformers of selected DSSC sensitizers containing TCA (Fig. 1) were optimized in vacuo without fixed coordinates or symmetry constraints using B3LYP/6-31G(d) level of theory. As shown in Table 1 , most of the analogues were consistent with the stable conformation (E-180) derived from the PES scan of NKX-2677. For NKX-2587, the higher energy of E-180 conformer was due to the close proximity of the oxygen of the carbonyl group of the coumarin and the nitrogen of the cyanide group in cyanoacrylic acid which have the same sign in Mulliken charges resulting in an electrostatic repulsion (Fig. 5a ). The repulsion caused the C4-C6-C7 and C6-C7-C8 bond angles of NKX-2587 to be slightly increased as compared to NKX-2677 and L1 analogues. This was further confirmed when we replaced the oxygen of the carbonyl group of the coumarin with hydrogen and found that the stable conformation of the modified NKX-2587 was E-180 which now has a similar stable conformation with the other analogues considered in this study. It was also observed from Table 1 that the differences in energies of NKX-2677 and L1 were based on the deviation of planarity between the thiophene and cyanoacrylic acid. As in the case of NKX-2600, despite a greater deviation from planarity (∼4 o ), the lower energy of E-180 was due to the presence of a weak hydrogen bond 24 between the hydrogen of the methyl group of the amine and the nitrogen of the cyanoacrylic acid. Structural evidences of the presence of the weak H-bond are the increase in the dihedral angle of the amine nearest to the cyano group by ca. 11 o to form the C-H····N bond and the increase in the Mulliken charge of the hydrogen participating in the weak H-bond as compared to the to the other hydrogens of the methyl group (Fig. 5b) .
The role of electronic delocalization can be quantitatively assessed by using the NBO deletion procedure. The resulting natural Lewis structure wave function is perfectly localized, with all Lewis-type NBOs doubly occupied. By the variational principle, the Lewis-type wave function has an energy (ELewis) that is higher than the total electronic energy (Eelec). As shown in Table 2 , the net energy difference (E elec -E Lewis ) gives the energy of the delocalizing electron (Edeloc). For analogues NKX-2677, NKX-2600, and L1; the Edeloc contribution favors the E-180 conformer, however the ELewis strongly favors the E-0 conformer by almost similar amount, leading to very small difference of about 1 kcal/mol in total energies. A reverse observation was observed for NKX-2587, where the E-0 conformer has a stronger Edeloc than E-180. Thus, the stability of the conformers was mainly attributed to the electronic delocalization energy which was consistent with the shortening of the C4-C6 bond. The extra π-bonding between C4 and C6 provides enough extra stabilization to overcome the destabilizing eclipsing inter- actions that occur in the planar conformation. The NBO analysis between the E conformers at B3LYP/6-31G(d) level shows that the E-180 conformer has a higher stabilization energy in πC3-C4 → π*C6-C7 interaction by ca. 2 kcal/mol compared to the E-0 conformer of NKX-2677 and L1 ( Table 2 ). The interaction was best exemplified in L1 analogue, where there was no influence from neighboring groups on the electron delocalization of TCA. When using the NBO deletion procedure, there was a drastic decrease in its stabilization energy of E-180 conformer indicating that the stabilization energy was based on the delocalizaton of electrons. The NBO analysis for the other interactions was also considered but the contributions to the E-180 conformational stabilization were relatively small compared to the π C3-C4 → π* C6-C7 electron delocalization. For NKX-2600, the weak hydrogen bond of the E-180 conformer was exhibited by nN9 → σ*CH(methyl). This was the major stabilizing factor responsible for the lower energy in NKX-2600. As shown in Table 2 , an increase in the stabilization energy of πC3-C4 → π*C6-C7 interaction of the E-180 conformer of NKX-2600 was observed indicating a minimal effect of the electron delocalization on the conformational energy. The ground state structures of the most stable conformer of NKX-2677, NKX-2587, NKX-2600, and L1 are shown in Fig. 6 . Fig. 7 shows the energy profile of the E conformers of the different analogues containing TCA which were calculated using B3LYP/6-31G(d) in vacuo. It was observed that, for all analogues considered, there was an increase in energy levels going from E-0 to E-180 conformer. This can be clearly observed in NKX-2677 where an increase of up to 0.05 eV was observed in HOMO, while in LUMO, there was a larger variation of up to 0.24 eV. The higher variation of the LUMO energy levels especially at LUMO + 5 was caused by an increase in the molecular orbital (MO) contribution of the cyanoacrylic acid due to the increase in electron delocalization of the stable conformer (Table 3) . A slight widening of the band gap was observed for most of the analogues except NKX-2600 going from E-0 to E-180 conformer. The narrowing of band gap observed in NKX-2600 was due to the stabilization energy brought about by the weak hydrogen bond in the E-180 conformer.
The excited states of the E conformers of the different analogues were calculated using TD-BL3YP/6-31G(d). The vertical excitation energies for the 5 lowest singlet excited states of the E conformers are shown in Table 4 . There were blue-shifting of the excitation energies going from E-0 to E-180 conformer for NKX-2677, NKX-2587, and L1; however, a red-shift in its excitation energy was observed for NKX-2600 which was consistent with the trend in its band gap shown in Fig. 7 . Though the excitation energies were almost similar to each other, the oscillator strengths vary significantly with conformation especially for analogue NKX-2600. The stability caused by the weak hydrogen bond in E-180 conformer of NKX-2600 resulted in the change in its highest oscillator strength to the second transition. This emphasizes the importance of using the correct conformation in the theoretical calculation for electronic properties. 
Conclusion
Density functional theory and natural bond analysis were applied to investigate the molecular structure and conformational nature of 2-cyano-3-(thiophen-2-yl)acrylic acid in analogues used as sensitizers in DSSCs. Energy barriers of about 13 kcal/ mol for both E and Z configurations of TCA were obtained using relaxed potential energy surface (PES) scan of NKX-2677. The Z conformers are of much higher energy by about 3∼4 kcal/mol compared to the E conformers. It was found that the most stable conformer was E-180 having the shortest C4-C6 bond length indicating a more efficient electron delocalization, followed closely by the E-0 conformer. This trend was also observed for NKX-2600 and L1. For NKX-2587, the higher energy of E-180 over E-0 was due to the increased electrostatic repulsion between the oxygen of coumarin and the nitrogen of the cyanoacrylic acid. NBO analysis showed that the conformational stability of the E-180 conformer was the result of the increased contribution of the electron delocalization, thereby decreasing the bond distance between the thiophene and cyanoacrylic acid for NKX-2677 and L1. In the case of NKX-2600, the major stabilization factor for the E-180 conformer was based on the presence of a weak hydrogen bonding. Based on the orbital energy level diagram, the E-180 conformer resulted in a slightly higher energy level with a wider band gap resulting in the blue-shifting of the excitation energy of all analogues considered except for NKX-2600 due to the different stabilization factor. There was very minimal effect on the excitation energies by the change in conformation; however, there were significant variations in the oscillator strengths especially for NKX-2600.
